ABSTRACT A planar and low-cost parallel-plate waveguide (PPW) launcher based on substrate integrated waveguide (SIW) technology is proposed. It can launch the fundamental TEM mode with a collimated wave front into a PPW structure while also being low profile and easy to fabricate. The launcher is implemented using a network of SIW transmission lines and its design is based on the leaky-wave (LW) theory. In our proposed structure, a selection of the SIW lines is made to leak power into the desired PPW region by means of a partially reflective surface, enabling planar wave front propagation of the TEM mode where efficiency values of over 90% are achieved. Measurements of a fabricated prototype are also reported at 15 GHz to demonstrate the design procedure and validate structure operation. When compared with similar co-axial and metallic waveguide launchers, our proposed SIW structure represents a compact, integrated, and unique design solution which may be useful to feed planar parallel-plate slot arrays and end-fire antennas. In addition, our novel and simple approach for PPW excitation can also be applied to other parallelplate-based guides, low-cost transitions, and compact dividing/combining circuits for a new antenna and non-radiating LW feed systems at microwave and millimeter-wave frequencies.
I. INTRODUCTION
Many slot array antennas are implemented in waveguide technology for applications such as radar and satellite communications. When considering the design of these antennas, the excitation and feed system of the array becomes of key importance to ensure efficient aperture illumination and element feeding. One key benefit of this is that waveguides can couple power very efficiently to other configurations using transitions [1] . In fact, feeding losses can be very small in comparison to other feedlines, such as microstrip, when considering corporate feed networks at microwave and millimeter-wave frequencies [2] . Therefore, not only can the antenna array be implemented using waveguide technology, but also integrated with the feed system. This allows for the entire antenna, the radiating elements, and the feeding transmission line, to be contained within the same structure and made uni-planar or multi-layer [2] , [3] .
On the other hand, waveguide and more conventional array structures can be bulky and expensive to manufacture and the use of alternative technologies has been proposed in the literature for many years. For instance, substrate integrated waveguide (SIW) technology allows for confined wave propagation between two conducting plates by means of two parallel rows of vias connected to the top and bottom conductors [4] . This is similar to a metallic waveguide, but in PCB form. SIW is a versatile technology for microwave frequencies, being also compatible with microstrip and other planar technologies. When considering similar parallel-plate waveguide (PPW) structures for radiating applications, a very simple planar antenna can be designed by etching a particular slot layout (or patterned aperture) on the upper conductor. Motivations can be to integrate a planar feeding system for efficient antenna and planar waveguide operation. Nevertheless, the uniform and planar wave front required for efficient array illumination can be challenging and increase the feed system complexity when considering compact and fully integrated design requirements.
Different feed system arrangements have been investigated previously using various approaches with application to slot antenna arrays etched on the top conducting layer of PPWs. For example, the concept of integrated launching of a uniform TEM mode for slot arrays was introduced in [2] , where a coaxial-fed rectangular metallic waveguide was placed under the parallel-plate substrate. This feed system operated at 11.5 GHz with an efficiency of almost 50% by means of coupling slots on top of the waveguide. Moreover, this technique required a multi-layer implementation which increased the volume and complexity of the launching system.
In order to avoid such multilayer structures, several approaches to uniformly distribute the TEM field have been proposed for more planar implementations. For example, the use of metallic walls was proposed in [5] as a series of T-junctions inside an air-filled PPW. Dense post-walls were also employed in [6] acting as narrowband coupling windows, which required careful design for each cavity to properly set the phase and amplitude along the structure. While the amplitude stays fairly constant with variations of ±5 dB and ±3 dB in [5] and [6] , respectively, uniform phase can be difficult to achieve for the exited field at the design frequency. For example, a decrease of 60 • in phase was observed in [5] for the T-junctions cavities while phase variations between 10 • and −20 • were observed for the post-wall structure in [6] . These structures reduce the launcher size while sacrificing design and manufacturing simplicity, but yet do not obtain a very uniform amplitude and phase distribution.
Alternatively, the application of quasi-optical concepts to create a planar and fully integrated structure was studied in [7] where reflected waves eventually formed a uniform field distribution starting from a cylindrical-wave. However, this clever feeding network can be considered electrically large when comparing the size of the planar wave front eventually generated. This is due to the use of two parabolic reflectors required to generate the desired wave front, where the main reflector was at least 5λ o in size. Moreover, a partially reflective surface (PRS) based on leaky-wave (LW) theory with probe pin excitation was also necessary to illuminate these reflectors. Generally speaking, these feed system arrangements can be more time consuming to design than the antenna itself and some systems have also been fed by two coaxially fed probe pins (perpendicular to the ground plane) to shape and control the field launched inside the PPW using a PRS for leakage in the form of a cylindrical-wave, such as in [7] and [8] . This type of feed arrangement can easily feed the reflector system, however, at the same time, does not allow for simple integration and compact feeding of linear slot arrays. Also, some undesired mutual coupling effects between the sources can be problematic in these designs requiring some compensation techniques to enable the desired PPW field launching and antenna radiation when considering grid-based slot arrays.
In this paper we present a compact, simple and low-cost configuration for TEM launching into a PPW (see Fig. 1 ) by suitably and originally combining SIW technology and LW theory whilst operating close to the open stopband frequency for the structure. This enables simple and compact collimated wave-front formation into the PPW. Unlike [7] and [8] , where a cylindrical-wave was generated, our proposed feed arrangement can immediately achieve a uniform plane-wave front with a direction of propagation perpendicular to one sidewall of the SIW. This launcher is simply fed by a single-input 50-microstrip line and defines a single-layer implementation for slot arrays and other planar PPW feed systems. The proposed feeding network reduces fabrication complexity and consists of conventional microwave elements such as a T-junction in SIW technology, where having one sparse via wall which acts as a PRS [7] - [10] for power leakage, avoiding the use of other mechanisms, such as reflectors, to obtain a planar TEM wavefront in PPW.
Due to this application of LW theory, and by suitable design, planar TEM propagation is obtained very near the PRS via side wall. This avoids the physical space typically required between the input transmission line or feed point and the generated wave front as in previous designs [5] - [8] . In our case, the uniform phase front is formed at the leaky SIW side wall, and, when considering operation at microwave and millimeter-wave frequencies, this can lead to minimal conductor and dielectric losses, mainly, due to the compact and efficient nature of the launcher and the generated field profile.
The proposed planar PPW launcher has also applications as an end-fire antenna or as the feeding network to other parallel-plate based guides, new low-cost transitions, and compact dividing/combining circuits. Being very useful for applications such as radar or communications systems. To the authors knowledge, such a compact, simply-fed, and lowcost design, using well-known SIW microwave elements to efficiently launch the TEM mode into PPW with a planar wave front, has not been reported previously, fully designed, fabricated and measured.
In order to achieve a launching efficiency of over 90% for our TEM PPW launcher, the size of the leaky PRS aperture is set to be 2.5λ o , making the design more compact and efficient when compared to the other previously reported configurations [5] - [8] . Also, in order to achieve leakage normal to this PRS side wall, the complex propagation constant and field profile of the leaky SIW should be accurately characterized [11] , [12] . This can provide TEM propagation in the broadside direction with respect to the SIW launcher aperture and with a uniform amplitude and phase field profile (as illustrated in Fig. 1) . As it will be further described in the paper, the respective variations in the magnitude and the phase of the launched TEM mode are 1.5 dB and 5 • or less along the aperture in the PPW region, which is a significant improvement when compared to other designs found in the literature.
It should be mentioned that some initial findings were investigated in [13] but no theoretical analysis or general design guidelines were provided. Moreover, we have employed a thinner substrate for this structure from [13] while working at the same frequency, in order to reduce microstrip radiation losses at the input considering microwave and millimeter-wave frequencies. In this paper, we also aim to report a complete design procedure of the planar PPW launcher (see Fig. 1 ), which includes for the first time supporting numerical analyses, full-wave simulations, and experimental verifications. It will also be discussed in the next few sections that when we compare our newly designed and optimized structure to [13] , the aperture distribution in the parallel-plate region is more uniformly generated (in magnitude and phase) defining an improved feed system design. In addition, measurements are reported at 15 GHz for a fabricated two-launcher test circuit prototype and numerical findings and full-wave simulations corroborate the measurements and design.
In Section II a step-by-step design procedure for the SIW launcher is outlined as well as full-wave simulations and the relevant field distributions inside the feed system. In addition, the LW theory, design principles, and dispersion analysis that model the behavior of the SIW structure are accurately described. As a proof of concept, a newly designed two-port, non-radiating test structure has been manufactured, whose measurements and characteristics are presented in Section III. Some conclusions are provided in Section IV.
II. DESIGN OVERVIEW
The PPW TEM launcher has two main components: the wellknown microstrip-to-SIW transition and the open T-junction. Each passive section must be properly designed for optimum feed system operation. The microstrip-to-SIW transition is set to be a tappered SIW section, see Fig. 1 , due to its better performance than the typical tappered microstrip line for this structure [14] .
In addition, it should be highlighted that the modified SIW section with the sparse via sidewall defining the PRS supports a perturbed TE 10 mode which couples to the TEM mode of the PPW in the form of a non-radiating LW for propagation into the PPW region. Thus, careful modal analysis of the dispersion for this quasi-TE 10 leaky mode, and its complex wavenumber, is essential for accurate design and for optimum operation of the proposed PPW launcher in SIW technology.
A. SIW T-JUNCTION AND LW THEORY
This is the primary component of the launcher, which consists of a modified H-plane T-junction power divider for equal power distribution within the PPW region. This structure is similar to a two-sided periodic structure for LW radiation into free-space, but designed here for a non-radiating application; i.e. an SIW to PPW transition and with 50-microstrip feeding. The more conventional design of this T-section structure has been widely explained in the literature, for instance in [9] and [15] - [17] . As mentioned, our design is further based on LW theory applied to SIW structures [1] , [18] and considering optimized broadside LW radiation from periodic structures [19] .
As it is well known, LW modes have a complex propagation wavenumber [12] , [19] (k x = β − jα) due to radiation losses or leakage. This can be used to effectively characterize the propagation inside the leaky SIW sections, where leakage can occur into the PPW region. These losses can be negligible if the ratio between the via post separation P and their diameter d is small enough (P/d < 2) [4] , hence a wall of dense vias can act as perfect electric conductor (PEC). Otherwise, the power will be leaked and the losses will become significant, behaving as a PRS [20] . For our proposed launcher, these losses are necessary to couple power into the TEM mode of the PPW. Thus one of the walls of the T-junction should ensure the vias are separated as to not satisfy the P/d < 2 ratio condition. This ensures controlled leakage into the PPW region as illustrated in Fig. 1 .
To design this leaky PRS in SIW technology, several general guidelines are established from previous SIW-based leaky wave antennas [12] while the bounded SIW section was designed following the equations provided in [4] . In particular, to design the PRS, it is necessary to analyze the complex propagation constant of the relevant LW mode. The leakage rate α (i.e., the imaginary part of the complex propagation constant) sets the fraction of power that couples into the PPW TEM mode and it depends on the separation P and the diameter d of the vias. The higher this separation the higher the leakage rate is observed on the opposite side of the SIW-to-PPW transition. At the same time, the phase constant β (i.e., the real part of the complex propagation constant) establishes the direction of propagation of the TEM mode in the PPW [19] .
The uniformity of the amplitude and the phase can be obtained by selection of the LW propagation constant.
In particular, broadside leakage from the SIW T-junction into the PPW region can be achieved by satisfying the socalled beam-splitting condition which is based on having approximately equal phase and leakage constants; i.e., it is necessary to work slightly above the cutoff frequency (where β ≈ α and with β > α). Also, it is known that the leakage angle θ m increases if β increases according to
, thus, with an increase in frequency above cutoff, the larger is the angle θ m . The simulated behaviors of the electric fields for the structure for these different relations between β and α are depicted in Fig. 2.   FIGURE 2 . The simulated electric field generated by the launcher. On top, the frequency of operation is below the cutoff frequency (β < α); i.e., the TEM mode is not propagating. In the center, the structure is working at the design frequency where β ≈ α. It can be observed that the TEM mode is propagating with a uniform phase front and perpendicular (or broadside) to the leaky SIW sidewall. On the bottom, β > α, therefore the propagation angle for the bound TEM wave is not normal to the launcher.
Once the width W of the bounded SIW section is known, a dispersive analysis of the SIW for different values of P and d must be completed [12] . This analysis can be performed using an adapted version of the transverse equivalent network (TEN) as previously defined in [11] and [12] and the approaches presented in [21] . In our case, see Fig. 3 , the TEN is not terminated with the radiation impedance as the PPW is not truncated anymore. Instead the characteristic impedance of an infinite PPW is now defined for the developed circuit model (Fig. 3) for analysis and design.
FIGURE 3.
A modified TEN circuit model for the proposed SIW structure enabling bound TEM-mode launching inside a PPW, which is different when compared to [11] since antenna radiation into free-space was considered in that work. In our representation, starting from the left, the non-leaky SIW sidewall is represented by a short circuit, the transmission line equivalents to the SIW width, the leaky PRS wall is modeled using Marcuvitz's approach [21] for inductive posts in PPWs, and the characteristic impedance for the infinite PPW region.
The transverse resonance equation (TRE) at the T section in Fig. 3 is enforced to determine the dispersion behavior of the leaking section. This equation is
and k y = k 2 0 ε r − k 2 x is the transverse wavenumber inside the SIW, X b and X a are the capacitances and inductance whose equations are explained in [21] , and Z 0 TE is the characteristic impedance for the TE 10 mode.
Dispersion analysis considering no dielectric and conductor losses is reported in Fig. 4 . It can be observed that the frequency where β = α is very close to 15 GHz. It should be also noticed that this leaky-mode dispersion analysis is needed to tune the pair of values W and P which determine the proper leaky SIW dimensions that provide the desired beam-splitting condition; i.e. α ≈ β at the design frequency of 15 GHz.
Next, we can easily find the appropriate value for the PRS wall aperture length L related to α setting the launching efficiency as 90% so L = 2.3/α [13] . The side arms of the T-junction can be left open to ease the design and prototyping process as negligible power is maintained at the end of the arms due to the high launching efficiency. This launching efficiency can be obtained at the edge of the launcher as depicted in Fig. 5 , where the efficiency is plotted for two different cases (lossless and lossy conditions). It can be observed that 90% of efficiency is reached for the lossless case while the values for the lossy scenario (substrate dielectric losses as well as structure conductor losses) are over 85% but slightly shifted in frequency (less than a 0.5% frequency shift). The observed differences in the lossless and lossy case simulations can be attributed to substrate and conductor losses, in that some small changes to the loads which model the leaky PRS sidewall as well as the wave impedances are evident. Regardless, a good agreement is observed with the theoretical LW model (Figs. 3 and 4) and the efficiency simulations of the structure (Fig. 5) in terms of the design frequency.
It should also be mentioned that when using a short circuit to model the PEC wall as in Fig. 3, a perfect 180 • reflection is defined in the analysis for the complex wave. However, the row of vias actually have an inductive behavior that introduces a phase shift of about 150 • [18] which is slightly different from the perfect short circuit. Following [18] it is possible to achieve a more accurate result and the PEC wall can be modeled with complex circuit elements.
The calculation steps for the parameters of interest W , d, P, L, β and α can be summarized as the following:
• Find the width W of the bounded SIW section for a frequency of interest using equations in [4] .
• Dispersive analysis of the SIW for different values of P and d satisfying the splitting condition (β = α) at the operating frequency by using the TEN presented in Fig. 3 .
• Use the calculated α in the previous step to find the length of the PRS L using L = 2.3/α for an efficiency of 90%.
B. EXCITED FIELDS AND MODES
As mentioned in the previous sections, different field profiles and modes can be excited within the SIW feed structure. In order to confirm that the modes excited in the structure are the expected ones, E-fields have been simulated in the corresponding sections, inside the bounded SIW section and the TEM mode along the width of the PPW region. The simulated field components for these modes, the TE 10 inside the SIW section and the TEM mode inside the PPW, are depicted in Fig. 6 . These modes are compared to the ones existing in a typical SIW and PPW. For the TE 10 mode, it is shown that there is no electric-field component along the direction of propagation (E y = 0) whereas the magnetic component is FIGURE 6. The normalized field components within the end-to-end configuration compared to the fields existing in a standard SIW or PPW along the x-direction: (a) electric and magnetic field components for the excited TE 10 mode inside the bounded SIW section, (b) the TEM mode inside the parallel-plate at a distance of 10 mm from the aperture. different from zero (H y = 0). On the other hand, inside the PPW, there are no components in the direction of propagation (E y = 0, H y ≈ 0) as expected for a TEM mode. The normalized amplitude distribution and the phase are further depicted in Fig. 7 , where it can be observed that the amplitude is uniform along most of the launcher aperture and starts to decay by about 5 dB when approaching the PEC sections at the end of the T-junction arms. On the other hand, the phase maintains small variations of 5 • or less along the entire aperture while a maximum variation of about 1.5 dB is observed. It should also be mentioned that our aperture profile provides a more uniform distribution when compared to [13] , since in that work phase and magnitude variations of more than 25 • and 2 dB were observed, respectively. Some comparisons between the proposed structure and previous feeding networks for slot based planar antennas found in the literature has also been included in Table 1 . This comparison shows the improvement with respect to previous alternatives to feed slot arrays in terms of compactness and efficient propagation. Following these developments and modal characterization, an end-to-end test device using two launchers has been designed using the commercial full-wave simulation tool CST Microwave Studio [22] . See Fig. 8 where the simulated electric fields are depicted and show uniform propagation within the PPW region.
Depending on the desired feed system requirements, it is also possible to obtain a similar uniform field distribution but for a wider aperture by means of introducing some asymmetry in the feed. This can allow for the leakage rate to be tailored as desired without affecting the pointing angle as in [23] . Such a tapered LW distribution could allow for uniform feeding in larger arrays while maintaining the desired parallel-plate propagation at broadside. Future work can include the use of this tapered leakage when considering slot array feeding.
III. MEASUREMENT RESULTS AND DISCUSSION
As a proof of concept, an end-to-end structure has been manufactured on a ROGERS RT5880 substrate with a thickness h of 0.79 mm and a rated relative permittivity ε r = 2.2 at 10 GHz. This substrate was selected due to its capability to support a unimodal propagation. A photograph of the realized prototype is reported in Fig. 9 while measurements are shown in Fig. 10 . It should be mentioned that in real antenna applications for example, a second launcher would not be included. Therefore measurements and simulations are used to demonstrate that the power is actually launched into the PPW and is able to propagate without significant losses, confirming its capability to feed any element placed The two launchers were placed several wavelengths apart for practical demonstration purposes. This introduced some conductor and dielectric losses which slightly increased the port-to-port insertion losses, but still the launcher is operating as expected as shown in Fig. 10 . The measured |S 21 | for the test structure is about −1.3 dB at the design frequency of 15 GHz and |S 11 | < −20 dB. The electromagnetic coupling between the two launchers is not of concern because the complete end-to-end structure was simulated in CST [22] and no significant losses were found, as shown in Fig. 10 for ε r = 2.2. This is important because the launchers are not in the respective far-field regions for each wave-guiding structure, which we consider to be 32λ g following R = 2D 2 /λ g [24] (where λ g = 1 f √ ε r ε 0 µ 0 and ε 0 and µ 0 are the free-space permittivity and permeability, respectively, and D is the length of the leaky aperture). Also, the measurements are in good agreement with the simulations as well as the center frequency for the structure designed using LW theory and the developed TEN circuit model.
Higher losses for the measured structure at the design frequency can be explained by the importance of the substrate relative dielectric constant as well as the fabrication tolerances for via placement and via diameters. More specifically, the via drilling processes defines the exact via placement and its diameters and small variations from any nominal value can result in minor performance variations and small frequency shifts away from the original design frequency. For example, in our simulation model we considered a ±5% variation in the diameters of the all vias within the transition structure and about a 0.5% frequency shift in the minimum of |S 11 | was observed (results not reported for brevity). Also, for any minor variation in ε r (see Fig. 10 ) port matching can be maintained, however the maximum value for |S 21 | can be shifted in frequency because the originally designed α ≈ β condition is no longer preserved, and, at the original frequency. This can be observed in Fig. 10 when considering a variation of the relative permittivity in the material of ε r = 2.4 since good port matching is still obtained at 15.0 GHz (|S 11 | < −15.0 dB) while |S 21 | is less than −4.0 dB at about 15.02 GHz as observed for the simulations. Despite these practicalities, the measured performance is still in good agreement with the full-wave simulations.
The structure is inherently narrow band due to the α ≈ β condition at the design frequency. This can be observed in Fig. 10 for both the measurements and the simulations as |S 11 | < −10 dB from about 14.98 GHz to 15.02 GHz. Techniques exist to enhance the bandwidth of such LW apertures and can be applied to both radiating leaky-wave antennas and non-radiating structures as in this work. For example, in [25] a double-cavity leaky-wave antenna with an improved operational frequency range was made possible by two stacked PRS layers. VOLUME 7, 2019 
IV. CONCLUSIONS
In this paper, design guidelines and measured results for a novel PPW TEM mode launcher for feeding planar circuits and low-cost antenna systems has been presented. This SIW to PPW transition is compact and maintains a low profile for simple fabrication and offers 50-microstrip feeding. By proper design of the structure, uniform and bound propagation at broadside (with respect to the leaky SIW sidewall) can be achieved within the PPW region. Due to the practical substrate variations and SIW technology fabrication tolerances, the measurements of the demonstrator circuit are not exactly as per the full-wave simulations. However, measurements of this end-to-end test structure still suggest that the two launchers operate at about 15 GHz, as per design, and follow the developed LW theory and waveguide dispersion analysis.
It should also be mentioned that our proposed PPW TEM planar launcher can be re-designed when using different permittivity substrates and when considering operation at higher millimeter-wave frequencies. Also, the relatively narrow band behavior of the structure could be improved by employing a double layer of PRSs. This can create two cavities where the modes can couple as studied in [25] increasing the possible frequency range of the structure. Our proposed PPW launcher could lead to other kinds of SIW launchers, such as surface-wave launchers when considering TM 0 surface-wave propagation on grounded dielectric slabs as briefly examined in [26] and for end-fire radiation, new planar antennas, or to other wave guiding structures and other new transition circuits.
VICTORIA GÓMEZ-GUILLAMÓN BUENDÍA (S'18) was born in Murcia, Spain, in 1990. She received the Telecommunications Engineer degree from the Universidad Politecnica de Cartagena, Cartagena, Spain, in 2015. She is currently pursuing the Ph.D. degree with Heriot-Watt University, Edinburgh, U.K., where she joined, in 2015, as an International Research Student under a COST short-term scientific mission and was involved in the development of an in-flight wireless communication system for aircraft. Her current research interests include the analysis and design of planar leaky-wave antennas and surface-wave launchers for microwave frequencies in different planar technologies, such as microstrip, parallel-plate waveguides, substrate integrated waveguides, dielectric, and substrate integrated image guides. He is a registered Professional Engineer and has had industrial experience as a Computer Programmer. He has designed 24-and 77-GHz automotive radar systems with Samsung and Magna Electronics. Recent industrial experience also includes the design of high-frequency surface-wave radar systems, professional software design and implementation for measurements in anechoic chambers for the Canadian Department of National Defence, and the SLOWPOKE Nuclear Reactor Facility. He has also designed new compact multiple-input multiple-output antennas for wideband military communications, highly compact circularly polarized antennas for microsatellites with COM DEV International, and new wireless power transmission systems for Samsung. His research interests include surface waves, leaky-wave antennas, metasurfaces, UWB antennas, phased arrays, and CMOS integrated circuits.
Dr His scientific interests involve the design of dual-polarized leaky-wave antennas, 2-D periodic leaky-wave antennas, and the generation of nondiffracting waves and pulses. He is also interested in the study of the scattering from isotropic and anisotropic natural surfaces and the characterization of the GNSS reflectometry over the land. His activity also regards microwave imaging and objects detection performed through GPR, operating both in He has co-authored about 230 papers in international journals, conference proceedings, and book chapters. His research interests include the analysis and design of planar antennas and arrays, leakage phenomena in uniform and periodic structures, numerical methods for integral equations and periodic structures, propagation and radiation in anisotropic media, metamaterials, graphene, and electromagnetic band-gap structures. He was a recipient of the Giorgio Barzilai Laurea Prize (1994) (1995) 
